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Abstract
The entire genome of SfV, a temperate serotype-converting bacteriophage of Shigella flexneri, has recently been sequenced
(Allison, G.E., Angeles, D., Tran-Dinh, N., Verma, N.K. 2002, J. Bacteriol. 184, 1974–1987). Based on the sequence analysis, we further
characterised the SfV virion structure and morphogenesis. Electron microscopy indicated that SfV belongs to the Myoviridae morphology
family. Analysis of the proteins encoded by orf1, orf2, and orf3 revealed that they were homologous to small and large terminase subunits,
and portal proteins, respectively; the protein encoded by orf5 showed homology to capsid proteins. Western immunoblot of the phage with
anti-SfV sera revealed two antigenic proteins, and the N-terminal amino acid sequence of the 32-kDa protein corresponded to amino acids
116 to 125 of the ORF5 protein, suggesting that the capsid may be processed. Functional analysis of orf4 showed that it encodes the phage
capsid protease. The proteins encoded by orfs1, 2, 3, 4, and 5 are homologous to similar proteins in the Siphoviridae phage family of both
gram-positive and gram-negative origin. The capsid and morphogenesis genes are upstream and adjacent to the genes encoding Myoviridae
(Mu-like) tail proteins. The organisation of the structural genes of SfV is therefore unique as the head and tail genes originate from different
morphology groups.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Temperate bacteriophages of Shigella flexneri play an
important role in serotype conversion, and their association
with antigenic variation has been known for many years
(Petrovskaya and Licheva, 1982; Simmons and Ro-
manowska, 1987). Serotype converting bacteriophages SfV,
SfII, SfX, and Sf6 have been isolated and characterised
(Clark et al., 1991; Guan et al., 1999; Huan et al., 1997a,
1997b; Mavris et al., 1997; Verma et al., 1991, 1993).
Analysis of the serotype conversion genes of SfV, SfII, and
SfX, which confer type V, II, and group 7, 8 glucosylation
of the O-antigen, respectively, indicate that the O-antigen
modification and integration/excision modules are highly
conserved (reviewed in Allison and Verma, 2000). Both
modules are also conserved in Salmonella typhimurium se-
rotype-converting phage P22 (Vander Byl and Kropsinski,
2000) and the serotype conversion module is conserved in
Shigella prophages SfI and SfIV (Adams et al., 2001;
Adhikari et al., 1999) and Escherichia coli prophage KpLE1
(Adams et al., 2001; Allison et al., 2002). In all cases, three
genes are required to confer glucosylation (Allison and
Verma, 2000): gtrA and gtrB homologues are highly con-
served and encode the putative flippase and bactoprenol
glucosyl transferase, respectively, and the gtr (type) gene
encodes the serotype-specific glucosyltransferase. In the
bacteriophage genomes, the gtrAgtrBgtr genes are located
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immediately downstream of the attP site, which is preceded
by the int and xis genes (Allison and Verma, 2000).
Apart from the integration/excision and O-antigen mod-
ification loci, little is known about the molecular biology of
the temperate serotype-converting phages of S. flexneri.
Recently, the complete genome sequence for SfV was de-
termined (GenBank Accession No. U82619) (Allison et al.,
2002). A total of 53 open reading frames (orfs) were pre-
dicted from the analysis of the 37-kb genome, and putative
functions were assigned to 31 orfs. The organisation of the
genome is similar to bacteriophage lambda. Extensive re-
gions of significant homology to E. coli K12 lambdoid
prophages e14 and KpLE1 were noted throughout the ge-
nome, particularly in the early region. The putative head and
tail genes formed separate clusters in the late region. Based
on the sequence analysis, we further characterised the SfV
virion structure and morphogenesis. Our results suggest that
the region of the SfV genome encoding for the structural
genes has a unique organisation in that it involves genes
from two different phage morphology families, and the
functional analysis of the capsid morphogenesis process
suggests it is similar to other Siphoviridae phages.
Results and discussion
Morphology of SfV
Examination of the bacteriophage by electron micros-
copy demonstrated that the SfV phage particle has an iso-
metric head of ca. 50 nm in diameter, and a long contractile
tail of ca. 105 nm (Fig. 1). These characteristic features are
typical of phage in the A1 group morphology of the family
Myoviridae and order Caudovirales (Ackermann, 1998;
Bradley, 1967). The microscopy results confirm the DNA
and protein analyses that indicated the tail proteins encoded
by the SfV genome were homologous to the tail proteins of
phage Mu and other Mu-like phages (Table 1 and Fig. 2A)
(Allison et al., 2002).
Despite many years of intensive study, little is known
about the virion structure and assembly process in phage
Mu (Grimaud, 1996; Howe, 1987), and the complete ge-
nome sequence has only recently been determined (Morgan
et al., 2002). Based on previous experimental data and
current nucleotide and protein analyses, the function of 11
tail genes has been assigned (Morgan et al., 2002). Ho-
mologs of the phage Mu tail proteins are also found in
Mu-like phages FluMu, Pnm1, and to a lesser extent RadMu
(Morgan et al., 2002). The SfV genome encodes homologs
of the phage Mu tail sheath Gp38 (ORF11), DNA circulari-
sation Gp43 (ORF15), base plate assembly Gp45 (ORF17),
tail fibre assembly protein U/Gp50 (ORF22), and five other
Mu tail proteins of unknown function [Gp38 (ORF10),
Gp44 (ORF16), Gp46 (ORF18), Gp47 (ORF19), and Gp48
(ORF20)] (Table 1 and Fig. 2A). Interestingly, the SfV
genome does not encode homologs of the phage Mu Gp37,
Gp40 (tail tube protein), Gp41/41.5 (lambda G–T analog),
Gp42 (possible tape measure protein), Gp49 (tail fibre pro-
tein S), Gp51 (U), and Gp52 (S). Mu-like phage Pnm1
also contains unique genes in somewhat similar positions.
Similar to SfV, Pnm1 does not contain homologs of Mu tail
genes 37, 40, and 41; unlike SfV, Pnm1 also does not
contain homologs of Mu tail genes 38 and 50 (Morgan et al.,
2002). Morgan et al. (2002) propose that the unique Pnm1
genes in these positions have similar functions to the Mu/
FluMu analogs. It is possible that these unique gene prod-
ucts of Pnm1 and SfV interact with other virion structural
and/or morphogenesis proteins.
While the homology of the SfV and Mu tail proteins is
somewhat modular in nature, comparison of the tail proteins
of SfV and P27 indicate that both phage genomes are very
similar in this region (Table 1 and Fig. 2B), adding to the
homology between these phages that was noted in the late
regulatory region (Allison et al., 2002). Phage P27 en-
codes shiga toxin 2e and was induced from human STEC
strain 2771/97 (Muniesa et al., 2000). The complete genome
of P27 has recently been sequenced (Recktenwald and
Schmidt, 2002). Similar to SfV, the overall genetic organi-
sation of P27 is similar to other lambdoid phages, and
homology of the P27 tail proteins to Mu-like phages was
Fig. 1. Electron micrograph of bacteriophage SfV stained with phospho-
tungstic acid. Bar, 50 nm.
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Table 1
Analysis of the predicted orfs and proteins in the late region of the SfV genome (adapted from Allison et al., 2002)
Gene Gene product Related phage and bacterial proteins
Orf
(gene
name)
From To Size
(aa)
MW
(kDa)
pl Function Protein and origin (or relevant references
where appropriate)
Genbank
Accession No.
BlastP e
value (%
identity)c
1 68 562 164 17.9 10.4 Small terminase
subunit
Gp1 (161 aa), Burkholderia thailandensis
Bacteriophage phiE125
AF447491 2e-37 (50)
Terminase small subunit L35 (156 aa), Escherichia
coli bacteriophage P27
AJ298298 6e-32 (49)
Hypothetical protein Z1853 (118 aa), Escherichia coli
O157:H7 prophage CP-933C
AE005328 1e-10 (35)
Hypothetical protein (159 aa), Bacteriophage GMSE-1 AF311659 1e-10 (32)
ORF9 (122 aa), Haemophilus influenzae AF198256 1e-09 (36)
Orf161 (putative terminase small subunit, 153 aa),
Streptococcus thermophilus bacteriophage Sfi19
AF115102 1e-04 (31)
Hypothetical protein (149 aa), Lactobacillus
bacteriophage phi-adh
AJ131519 5e-04 (20)
2 559 2292 577 65.3 5.3 Large terminase
subunit
Terminase large subunit L36 (570 aa), E. coli phage
P27
AJ298298 0.0 (76)
Gp2 (570 aa), Bacteriophage phiE125 AF447491 0.0 (68)
YmfN (455 aa), E. coli prophage e14b AE000214 0.0 (96)
Terminase large subunit (563 aa), Pseudomonas phage
D3
AF165214 e-135 (46)
Terminase large subunit ECs1598 (553 aa), E. coli
0157:H7
AP002555 9e-67 (30)
3 2392 3666 424 48.3 7.9 Portal protein Phage phi-105 ORF25-like protein (407 aa), Ralstonia
solanacearum
AL646065 e-135 (56)
ORF25 (416 aa), Bacillus phage phi-105 AB016282 4e-51 (29)
Gp4 (419 aa), Bacteriophage phiE125 AF447491 1e-49 (33)
Phage phi-105 ORF25-like protein (ORF25) (410 aa),
Haemophilus influenzae
AF198256 3e-40 (31)
Putative portal protein Mlr8522 (410 aa),
Mesorhizobium loti
AP003014 3e-38 (31)
Putative portal protein ECs1592 (403 aa), E. coli
O157:H7
AP002555 7e-38 (30)
4 3659 4261 200 22.7 4.9 Capsid protease Putative phage protein STM2236 (172 aa), Salmonella
typhimurium LT2
AE008800 8e-75 (87)
Phage phi-105 ORF26-like protein (203 aa), Ralstonia
solanacearum
AL646065 3e-57 (59)
Putative protease ORF209 (209 aa), Lactobacillus
casei bacteriophage A2
AJ251790 6e-24 (44)
Hypothetical protein Lin2577 (194 aa), Listeria innocua AL596172 6e-21 (34)
ORF41 (194 aa), Staphylococcus aureus phiPV83
prophage
AB044554 2e-20 (36)
5 4272 5501 409 45.8 5.1 Capsid Phage phi-C31 GP36-like protein (412 aa), Ralstonia
solanacearum
AL646065 e-134 (57)
Major capsid protein L40 (407 aa), E. coli phage
P27
AJ298298 4e-16 (26)
Major capsid protein GP36 (392 aa), Bacteriophage
phi-C31
AJ006589 1e-14 (22)
Probable phage-related head protein (378 aa),
Clostridium perfringens
AP003189 4e-10 (24)
Hypothetical protein CC2783 (341 aa), Caulobacter
crescentus
AE005943 8e-08 (21)
Phage major capsid protein GP36 (467 aa),
Mesorhizobium loti
AP003014 3e-06 (23)
6 5580 5903 107 12.4 4.2 Unknown Hypothetical protein L41 (107 aa), E. coli phage P27 AJ298298 6e-35 (63)
Hypothetical protein (107 aa), Ralstonia solanacearum AL646065 2e-12 (41)
Hypothetical proteins Z1851 and ECs1594 (98 aa), E.
coli O157:H7 prophages CP-933C and Sp7a
AE005328 2e-06 (29)
ECs1594 (98 aa), E. coli O157, H7 prophages
CP-933C and Sp7a
AP002555
7 6014 6310 98 11.4 7.9 Unknown Hypothetical protein 1752p (111 aa), Agrobacterium
tumefaciens
AE008026 1e-05 (24)
8 6285 6791 168 19.7 12.6 Unknown Hypothetical protein L42 (187 aa), E. coli phage P27 AJ298298 2e-53 (58)
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Table 1 (continued)
Gene Gene product Related phage and bacterial proteins
Orf
(gene
name)
From To Size
(aa)
MW
(kDa)
pl Function Protein and origin (or relevant references
where appropriate)
Genbank
Accession No.
BlastP e
value (%
identity)c
9 6788 7348 186 20.8 4.2 Unknown Hypothetical protein L43 (187 aa), E. coli phage P27 AJ298298 3e-72 (68)
10 7357 7527 56 6.4 10.1 Unknown Gp38 (67 aa), E. coli phage Mu AF083977 4e-06 (42)
Putative phage protein YPQ1241 (64 aa), Yersinia
pestis
AJ414147 1e-05 (45)
11 7511 9007 498 53.2 5.5 Tail sheath
protein (Morgan
et al., 2002)
Tail sheath protein L44 (498 aa), E. coli phage P27 AJ298298 0.0 (83)
Putative phage tail sheath protein YPO1242 (502 aa),
Yersinia pestis
AJ414147 e-106 (42)
Mu-like tail sheath protein GpL (hypothetical protein
Hl1511) (487 aa), Haemophllus influenzae prophage
U32827 3e-80 (38)
Tail sheath protein L (Gp 39, 495 aa), E. coli phage
Mu
AF083977 3e-72 (35)
12 9007 9363 118 12.9 4.7 Unknown Hypothetical protein L45 (118 aa), E. coli phage P27 AJ298298 2e-53 (81)
Hypothetical protein YPO1243 (122 aa), Yersinia
pestis
AJ414147 1e-09 (29)
13 9383 9632 89 9.9 5.2 Unknown Hypothetical protein L46 (109 aa), E. coli phage P27 AJ298298 6e-13 (41)
14 9774 11609 811 85.3 10.0 Tail protein Hypothetical protein STY4603 (926 aa), Salmonella
enterica subsp. enterica serovar Typhi
AL627283 e-107 (39)
OrfG (396 aa), S. typhi AF153829 2e-52 (50)
Tail length determinator L47 (649 aa), E. coli phage
P27
AJ298298 1e-29 (23)
Tape measure protein (937 aa), Lactococcus lactis
phage TP901-1
AF252967 6e-18 (21)
15 11655 12998 447 48.5 5.6 DNA
circulation
protein (Morgan
et al., 2002)
DNA binding protein L48 (463 aa), E. coli phage
P27
AJ298298 e-128 (52)
DNA circulation protein (hypothetical protein HI1515)
(455 aa), Haemophilus influenzae Rd prophage
U32827 2e-31 (28)
Putative DNA circulation protein ECs4983 (456 aa),
E. coli O157:H7 prophage Sp16a (Mu-like)
AP002567 4e-21 (28)
Putative phage protein YPO1246 (468 aa), Yersinia
pestis
AJ414147 2e-19 (33)
DNA circulation protein N (Gp43, 495 aa), E. coli
phage Mu
AF083977 1e-16 (25)
16 12995 14074 359 39.2 4.9 Tail protein Putative tail protein L49 (351 aa), E. coli phage P27 AJ298298 e-126 (64)
Tail protein P (Gp44, 379 aa), E. coli phage Mu AF083977 1e-44 (34)
Putative tail protein ECs4984 (374 aa), E. coli O157:
H7 prophage Sp16a (Mu-like)
AP002567 5e-35 (31)
Putative phage tail protein YPO1247 (351 aa),
Yersinia pestis
AJ414147 2e-31 (27)
17 14074 14622 182 19.6 6.5 Base plate
assembly
(Morgan et al.,
2002)
Putative baseplate assembly protein L50 (177 aa), E.
coli phage P27
AJ298298 2e-55 (61)
Putative phage baseplate assembly protein YPO1248
(198 aa), Yersinia pestis
AJ414147 1e-16 (30)
Hypothetical protein ECs4985 (204 aa), E. coli O157:
H7 prophage Sp16a (Mu-like)
AP002567 4e-14 (32)
Base plate assembly protein Gp45 (197 aa), E. coli
phage Mu
AF083977 4e-12 (27)
18 14622 15047 141 16.2 5.9 Tail protein Hypothetical protein L51 (137 aa), E. coli phage P27 AJ298298 1e-39 (57)
Putative phage protein GP46 YPO1249 (151 aa),
Yersinia pestis
AJ414147 2e-13 (46)
Gp46 (145 aa), E. coli phage Mu AF083977 8e-12 (41)
Mu-like Gp46 protein (hypothetical protein HI1519)
(135 aa), Haemophilus influenzae Rd
U32827 2e-10 (38)
19 15034 16092 352 38.3 4.9 Tail protein YmfP (hypothetical protein b1152) (263 aa), E. coli
prophage e14b
AE000214 e-143 (94)
Hypothetical protein L52 (360 aa), E. coli phage P27 AJ298298 e-115 (56)
Mu-like Gp47 protein (hypothetical protein HI1520)
(355 aa), Haemophilus influenzae Rd prophage
U32827 6e-40 (29)
Hypothetical protein ECs4987 (361 aa), E. coli O157:
H7 prophage Sp16a (Mu-like)
AP002567 1e-35 (28)
Gp47 (360 aa), E. coli phage Mu AF083977 4e-34 (30)
(continued on next page)
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noted (Recktenwald and Schmidt, 2002). Preliminary anal-
ysis of the morphology of P27 indicated it was distinct
from shigatoxin encoding phages 933W and H-19B and is
characterised by the presence of regular hexagonal heads
(45–50 nm in diameter) and a long wide contractile tail (95
nm in length) (Muniesa et al., 2000; Recktenwald and
Schmidt, 2002) consistent with the characteristics of Myo-
viridae morphology. Additional homology between SfV and
P27 also exists in the head region (Table 1 and Fig. 2B; see
below). The significance of this unique organisation of the SfV
and P27 genomes is discussed in further detail below.
It is interesting to note that serotype converting phage
Fig. 2. The late region of the SfV genome encoding the DNA packaging, capsid, and tail proteins (adapted from Allison et al., 2002). (A) Genetic map of
the late region of the SfV genome. The DNA packaging and head morphogenesis orfs and corresponding putative proteins are as follows: orf1, small
terminase subunitµ; orf2, large terminase subunit p; orf3, portal protein d; orf4, capsid protease o; and orf5, capsid u. The black orfs encode tail proteins,
and those orfs encoding tail proteins homologous to phage Mu are designated by an asterisk. ❙, cos site; • putative rho-independent terminator. The genetic
constructs used to investigate the function of orf4 are indicated. (B) Comparison of the head and tail encoding regions of SfV, P27 (Recktenwald and
Schmidt, 2002; GenBank AJ298298) and e14 (Blattner et al., 1997; GenBank AE000214). P27 orfs encoding homologs to the SfV head proteins are
indicated as outlined above. Similar orfs in the tail region are indicated by f. (C) Comparison of the head morphogenesis and capsid region of SfV to the
corresponding regions of various Siphoviridae phages: Streptomyces phage C31 (Smith et al., 1999; GenBank AJ006589), Lactobacillus casei phage A2
(unpublished; GenBank AJ251790), E. coli phage HK97 (Juhala et al., 2000; GenBank AF069529), Lactobacillus gasseri phage adh (Altermann et al., 1999;
GenBank AJ131519), Staphylococcus aureus phage PV83 (Kaneko et al., 1997; Zou et al., 2000); GenBank AB044554), and Pseudomonas auroginosa
phage D3 (Gilakjan and Kropinski, 1999; GenBank AF165214). The genes present in the corresponding region of each phage genome are indicated, and those
that are homologous to SfV are shaded as outlined above. For B and C, the number of amino acids encoded by the genes and orfs in the head region are
indicated in parentheses (aa, amino acids). The data for the comparison between SfV proteins and homologs are shown in parentheses as % identity/blastp
e value for each homolog. The gene encoding Clp proteases in adh and D3 are indicated by .
Table 1 (continued)
Gene Gene product Related phage and bacterial proteins
Orf
(gene
name)
From To Size
(aa)
MW
(kDa)
pl Function Protein and origin (or relevant references
where appropriate)
Genbank
Accession No.
BlastP e
value (%
identity)c
20 16083 16667 194 21.6 4.9 Tail protein YmfQ (hypothetical protein b1153) (194 aa), E. coli
prophage e14b
AE000214 e-112 (98)
Hypothetical protein L53 (196 aa), E. coli phage P27 AJ298298 7e-60 (55)
Putative phage protein YPO1251 (115 aa), Yersinia
pestis
AJ414147 1e-09 (34)
Hypothetical protein ECs4988 (186 aa), E. coli O157:
H7 prophage Sp16a (Mu-like)
AP002567 1e-08 (26)
Hypothetical protein NMA1825 (188 aa), Neisseria
meningitidis Z2491
AJ391256 5e-08 (25)
Gp48 (180 aa), E. coli phage Mu AF083977 2e-07 (28)
21 16671 17321 216 22.6 5.3 Unknown ORF5 (170 aa), S. flexneri cryptic prophage SfI AF139596 5e-92 (95)
YcfK (hypothetical protein b1154) (209 aa), E. coli
prophage e14b
AE000214 4e-53 (57)
YfdL (hypothetical protein b2355) (172 aa), E. coli
prophage KpLE1b
AE000324 2e-37 (64)
Hypothetical protein Z0314 (236 aa), E. coli O157:H7
prophage CP-933H
AE005203 1e-21 (59)
Putative phage protein STM2235 (413 aa), Salmonella
typhimurium LT2
AE008800 7e-20 (35)
Putative tail fiber protein L54 (332 aa), E. coli phage
P27
AJ298298 1e-17 (48)
22 17230 17733 167 18.9 4.6 Tail fibre
assembly
protein (Huan
et al., 1997b;
Morgan et al.,
2002)
ORF4 (167 aa), Shigella flexneri cryptic prophage SfI AF139596 5e-85 (92)
Putative phage tail fibre protein (135 aa), Salmonella
enterica subsp. enterica serovar Typhi
AL627283 1e-19 (40)
Hypothetical protein (135 aa), Fels-2 prophage AE008823 1e-19 (41)
Hypothetical protein P37 (155 aa), phage APSE-1 AF157835 1e-18 (36)
Putative tail fibre assembly protein U (Gp50, 175 aa),
E. coli phage Mu
AF083977 4e-12 (55)
a The prophage and prophage-like elements in the E. coli O157:H7 Sakai, reported by Hayashi et al. (2001) are summarised at website http://genome.gen-
info.osaka-u.ac.jp/bacteria/o157/sptable2.html.
b The E. coli K-12 prophages were originally reported by Blattner et al. (1997) and have been recently summarised by Hayashi et al. (2001) at website
http://genome.gen-info.osaka-u.ac.jp/bacteria/o157/sptable3.html.
c The blastp values, and the % identities reported by the blast program are included.
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SfII also belongs to the Myoviridae morphology group
(Mavris et al., 1997), and additional regions of homology
exist between SfII and SfV (Allison et al., 2002).
Analysis and functional characterization of the head
morphogenesis genes
The putative head morphogenesis and structural genes
are located immediately upstream of the tail genes in the
SfV genome. Analyses of the nucleotide and protein se-
quences indicate that the organization of these genes in SfV
is similar to that of other bacteriophages (Table 1 and Fig.
2). The first orf (orf1) encodes a basic protein of 164 amino
acids with homology to various phage proteins largely of
unknown function (Table 1 and Fig. 2). In all cases, the
corresponding orfs are located immediately upstream of the
terminase gene and, in some cases, have been identified as
the gene encoding for the putative small terminase subunit.
The 3 ca. half of the orf2 gene, and the C-terminal half
of the corresponding protein, are almost identical to the
nucleotide sequence (90% identity in 1.3 kb overlap) and
corresponding amino acids (78 through 444) of the ymfN
gene and protein, respectively, of the E. coli e14 prophage
(Table 1 and Fig. 2B) (Allison et al., 2002). The early
regulatory region of SfV, encoding the lambda repressor
and Cro homologues, also shares a very high degree of
homology to the equivalent region in e14 (94% identity over
1.7 kb overlap) (Allison et al., 2002). The start of the ymfN
gene and the beginning of the homology to SfV orf2 is 345
and 560 bp, respectively, downstream of this regulatory
region in e14. A second region of homology between SfV
and e14 occurs in the region encoding putative tail proteins
ORF19, ORF20, and ORF21 (96% identity over 1.7 kb
overlap, Fig. 2B) (Allison et al., 2002). The high degree of
similarity between the two regions of SfV and e14 suggests
that the DNA has been acquired or exchanged recently.
While the three regions of homology are almost contiguous
in e14, they are separated by ca. 12 and 13 kb, respectively,
in the SfV genome, suggesting that they may have been
exchanged in two separate events or perhaps exchanged
simultaneously at the expense of inducing deletions in e14.
While the homology to YmfN only extends through the
C-terminal half of the protein, the terminase protein of E.
coli phage P27 and Pseudomonas phage D3 shows strong
homology across the entire length of the ORF2 protein
(Table 1 and Figs. 2B and 2C). The ORF2 protein also
exhibited homology to the large terminase subunit of other
phages of both gram-positive and gram-negative origin (Ta-
ble 1 and Fig. 2C).
The terminases play a distinct role in DNA packaging
during phage head assembly (Fujisawa and Hearing, 1994).
The terminase subunits (small and large subunits) together
with ATP and cofactors, make a sequencespecific (cos) or
nonspecific (pac) cut in the concatemeric DNA substrate
after the genome has been inserted into the prohead (Black,
1995). The genes encoding the two terminase subunits typ-
ically overlap—the gene encoding the large subunit is usu-
ally positioned downstream of that encoding the small sub-
unit (Eppler et al., 1991; Juhala et al., 2000; Kaneko et al.,
1998). The large terminase subunit has nuclease, translo-
case, and ATPase activities and contains five conserved
motifs (Gilakjan and Kropinski, 1999). The motifs were
localised in the terminase proteins of Siphoviridae bacterio-
phages, a hypothetical Rhodobacter capsulatus terminase
protein and the cryptic lambda prophage e14 YmfN protein
(Gilakjan and Kropinski, 1999). The protein encoded by
orf2 shares these conserved motifs: motif 1, DGSSPHCAV-
VDEYH is located between amino acids 201 and 214; motif
2, KIDGAVALIMT is located between amino acids 542 and
552; motif 3, HDGNPIMTWCIGN is located between
amino acids 507 and 519; motif 4, QPLMWAITTAG is
located between amino acids 234 and 244; and motif 5,
LSHDLADEDLNPVTIV is located between amino acids
468 and 483. The order of these motifs in the ORF2 protein
is the same as those in the putative terminases of phages
e14, Rhodobacter, D3, C31, and D29 (Gilakjan and
Kropinski, 1999). Based on the organisation of the orf1 and
orf2 genes, and the analysis of the ORF1 and ORF2 pro-
teins, it is likely that these proteins are the SfV small and
large terminase subunits, respectively.
Orf3, located 100 bp downstream of the large terminase
gene, encodes a protein with homology to the portal proteins
or putative portal proteins of many bacteriophages (Table 1
and Fig. 2C). The function of the portal protein is largely
conserved among phages and there are typically 12–13
portal subunits per phage particle (Dube et al., 1993; Val-
puesta and Carrascosa, 1994). These subunits orientate
themselves in a dodecameric structure and act as a linker
between the capsid and tail, as well as play an important role
in packaging of the phage genome (Dube et al., 1993;
Valpuesta and Carrascosa, 1994). Portal proteins are typi-
cally 46–49 kDa and have an average pl of 8 to 9, and the
gene encoding the portal protein is generally situated im-
mediately downstream of the terminase gene (Duda et al.,
1995a, 1995c; Gilakjan and Kropinski, 1999; Juhala et al.,
2000; Smith et al., 1999). Analysis of the homology and
characteristics of the ORF3 protein suggest that orf3 en-
codes the portal protein of SfV.
The ORF5 protein was similar to the capsid and capsid-
like proteins of both gram-positive and gram-negative
phages (Table 1 and Fig. 2C). Of particular note, ORF5 is
most similar to the Gp36 capsid protein of bacteriophage
C31, and Gp36-like proteins of P27 and Ralstonia so-
lanacearum. The Gp36 capsid protein of C31 is processed
by the phage-encoded protease Gp35 (Smith et al., 1999).
Gene 35 is located between the portal and capsid genes
(gene 34 and gene 36, respectively). The ORF4 protein is
homologous to C31 Gp35 (38% identity, Fig. 2C), and
other putative phage proteases (Table 1 and Fig. 2C).
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Analysis of the structural proteins of SfV
In an attempt to identify the phage structural proteins,
PEG-precipitated phage particles were subjected to SDS-
PAGE. The samples on the gel were duplicated and half the
gel was stained with Coomassie blue and the other half was
subjected to Western blotting with anti-SfV sera (Fig. 3).
The SDS-PAGE of the phage particle revealed two high
molecular weight proteins of ca. 45 and 55 kDa, two pro-
teins between ca. 30 and 32 kDa, and numerous small
molecular weight proteins (25 kDa). The SDS-PAGE was
subjected to Western immunoblot, and the anti-SfV sera,
preadsorbed with SFL124, recognised two phage proteins, a
ca. 32-kDa protein and a ca. 55-kDa protein. The N-terminal
sequence of the antigenic 32-kDa protein corresponded to
amino acids 116–125 of the ORF5 protein (AQGVA-
QDEKG) (Fig. 3). Analysis of the region between the ORF5
start codon and the codon encoding for amino acid 116 (nt
4617; SfV GenBank Accession No. U82619) revealed two
alternative translational starts (nt 4320 and nt 4557) which
would encode proteins of 43 and 34.5 kDa, respectively, but
the N-terminal sequence of neither one corresponded to that
obtained. The molecular weight of the observed protein
coincides to that predicted for a protein composed of amino
acids 116–409, suggesting that the ORF5 protein, or pro-
teins commencing for an alternative start, may be processed.
Functional analysis of orf4
Modification of the head protein has been reported for
other phages, including C31, and is typically mediated by
a phage-encoded protease that is encoded upstream of the
capsid gene (Smith et al., 1999). Consequently, the function
of orf4 was investigated using the inducible T7 RNA poly-
Fig. 3. Gel electrophoresis of SfV phage particles. (A) 12% SDS-PAGE gel of PEG precipitated SfV phage particles. (B) Western blot of phage SfV proteins
using preadsorbed anti-SfV sera. (C) Amino acid sequence of the ORF5 protein. The N-terminal amino acid sequence obtained from protein band H is shown
in italicized bold print.
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merase system of E. coli (Tabor and Richardson, 1985).
Two gene cassettes were separately cloned behind the T7
promoter in pT7-5 (Fig. 2A): the complete orf4 and orf5 (nt
3452–5507; SfV GenBank Accession No. U82619) were
included in the construction of pNV769; and an incomplete
orf4 (missing the first 232 bp of the gene) and complete orf5
(nt 3891–5507) were used to create pNV770. The two
plasmids were introduced into the IPTG inducible expres-
sion strain, E. coli HMS262, which contains the IPTG-
inducible T7 RNA polymerase gene, to create recombinant
strains B876 and B877, respectively. B876, B877, and con-
trol strain B866, which contains the pT7-5 vector only, were
grown to midexponential phase and induced with IPTG.
Aliquots were removed every hour for 3 h and subjected to
SDS-PAGE and immunoblotting (Fig. 4). Based on the
analysis of the SDS-PAGE (Fig. 4), a protein of ca. 45 kDa
accumulates over time in strain B877 (orf4 orf5) (Fig.
4A1, lane 5), and is present in high concentrations 180 min
postinduction (Fig. 4A2, lane 4). With strain B876 (orf4
orf5), the 45-kDa protein is evident, although present at a
much lower concentration than in strain B877 (compare
lanes 3 and 5, Fig. 4A1), and a 32-kDa protein appears
within 60 min after induction (Fig. 4A1) and increases in
concentration after 180 min postinduction (Fig. 4A2). This
32-kDa protein is not evident in B877 even after 180 min
postinduction (Fig. 4A2, lane 4). The identity of the 32-kDa
(B876) and 45-kDa protein (B877 and B876) was confirmed
with Western immunoblotting (Fig. 4B2). The 45-kDa pro-
tein in B877 and B876 was recognised by the SfV antisera;
the 32-kDa protein in B876 was also recognised. In control
strain B866 (E. coli HMS262[pT7-5]), the anti-SfV anti-
bodies recognised six proteins: two large and three small
molecular weight proteins (30 kDa), and a protein of 32
kDa (Fig. 4B). The 32-kDa protein in B866 is evident from
the SDS-PAGE gel in Fig. 4A2 (lane 1), where the number
of cells loaded is much higher than that for B876 and B877.
In comparing the relative intensities of the signals among
the control strain, B877, and B876 in Fig. 4B, however, the
signal given from the 32-kDa protein was more intense in
B876. This protein migrates to the same position as the
antigenic 32-kDa protein in the phage particle (Fig. 4B),
which corresponds to amino acids 116–409 of the ORF5
protein. Taken collectively, the SDS-PAGE and immuno-
blot data indicate that the complete capsid protein is ex-
pressed in B877 in the absence of a functional orf4 gene.
The size of this protein on SDS-PAGE corresponds to that
predicted for a protein encoded from the orf5 translational
start (45.8 kDa). In the presence of the complete orf4 in
B876, a 32-kDa protein appears and increases over time.
The 45-kDa protein is still detected in B876 but is present in
much lower concentrations than in B877. These data sug-
gest that the ORF5 protein is proteolytically cleaved in the
presence of the complete ORF4 protein, the capsid protease,
resulting in the production of the processed 32-kDa capsid.
It is interesting to note that the presence of the ORF4
protein was not evident on SDS-PAGE even though both
orf4 and orf5 were cloned behind the inducible promoter
(Fig. 4). A similar phenomenon was reported by Duda et al.
(1995c) in which the expression of the HK97 protease was
barely detectable on SDS-PAGE, whereas the complete and
processed capsid proteins were evident. Although the GC
content of orf4 is close to that of the host, analysis by codon
preference identified the presence of rare codons particu-
larly in the 5 end of the gene (data not shown). It remains
to be determined whether the presence of rare codons,
protein stability, or other factors are involved in apparent
low-level expression of the ORF4 protein.
Capsid processing is an integral part of the head mor-
phogenesis in both gram-positive and gram-negative bacte-
riophages (Altermann et al., 1999; Desiere et al., 1999;
Gilakjan and Kropinski, 1999; Hatfull and Sarkis, 1993;
Kaneko et al., 1998; Martin et al., 1998; Smith et al., 1999)
and has been characterised in detail in coliphage HK97
(Conway et al., 1995; Duda, 1998; Duda et al., 1995a,
1995b, 1995c; Hendrix and Duda, 1998). In HK97, comple-
mentation studies were used to establish the need for a
25-kDa protease required for proper capsid morphogenesis.
The gene encoding the HK97 protease is also encoded
upstream of the capsid gene (Duda et al., 1995c). The HK97
head subunits undergo a series of modifications that are
initiated by proteolysis of the capsid by the protease and it
was proposed that the role of the portion of the capsid that
is released upon proteolytic cleavage may compensate for
the absence of the scaffolding protein used by other phages
such as  and T4 (Duda et al., 1995a, 1995c).
Recently, processing of the capsid proteins of C31
(Smith et al., 1999), PVL (Kaneko et al., 1998), Cp-1
(Martin et al., 1998), adh (Altermann et al., 1999), Sfi21
(Desiere et al., 1999), and D3 (Gilakjan and Kropinski,
1999) has been reported. The number of amino acids re-
moved usually ranges from ca. 100–118 amino acids. While
the sequences of the processing sites are not conserved, the
N-terminal region of the capsid protein that is removed
typically is predicted to form a coiled-coil structure that has
been detected in the N-terminal regions of the capsid pro-
teins of HK97, PVL, and Sfi21 (Desiere et al., 1999). Con-
sistent with this phenomenon, analysis of the ORF5 protein
of SfV using the GCG Pepcoil program identified the pres-
ence of a putative coiledcoil structure in the N-terminal 100
amino acids (data not shown). The role of the secondary
structure in processing of the capsid remains to be deter-
mined.
There are at least two families of phage capsid proteases
identified to date. The /N15 family of phage capsid-pro-
cessing proteases has been reported (reviewed in Smith et
al., 1999). More recently, the capsid proteases of Sfi21
(Desiere et al., 1999), D3 (Gilakjan and Kropinski, 1999),
Cp-1 (Martin et al., 1998), and adh (Altermann et al.,
1999) have been shown to contain the signature features of
Clp proteases and may compose a Clp capsid protease
family. A Clp protease domain was not identified in ORF4;
however, analysis of the ORF4 protein against the ProDom
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database (http://prodes.toulouse.inra.fr/prodom/doc/prodom.
html) grouped the ORF4 protein into a family of proteins
containing the C31 GP35 protease domain (e value 3e-25,
domain number PD171783), and an alignment of phage
proteins belonging to this family is shown in Fig. 5. In
addition to proteases ORF4 and GP35, this family contains
putative phage proteases ORF41 and ORF5a of Staphylo-
coccus phages PV83 and PVL, respectively, and ORF209 of
Lactobacillus casei phage A2 (Fig. 5). This family also
includes proteins identified in the genomes of Listeria in-
nocua, Lactococcus lactis, S. typhimurium, Haemophilus
influenzae, R. solanacearum, and Bacillus phage phi-105
(Table 1 and data not shown). Similar to the Clp proteases,
this family also contains conserved serine and histidine
residues, and the proteins are most similar in the N-terminal
half (Fig. 5). The Prodom analysis also showed that the
Fig. 4. Analysis of recombinant E. coli expressing orf4 and/or orf5 after induction with IPTG and Western immunoblot of strains B866, B876, B877, and
SfV phage particles. Unless otherwise stated, 2  108 to 3  108 cells were loaded. (A1 and A2) 12% SDS-PAGE gel of B866, B876, and B877 at 0, 60,
and 180 min after induction with IPTG as indicated. (A1) Lane 1, protein marker; Lanes 2 (1  107 cells) and 3, strain B876 (orf4 orf5) at 0 and 60 min
postinduction; Lanes 4 and 5, strain B877 (orf4 orf5) at 0 and 60 min postinduction. (A2) Lane 1, strain B866 (control strain with vector only, 6  108
cells) 180 min postinduction; Lane 2, protein marker; Lane 3, strain B876 (orf4 orf5) 180 min postinduction; and Lanes 4, strain B877 (orf4 orf5) 180
min postinduction. (B1 and B2) Samples were separated using 12% SDS-PAGE prior to Western blotting. (B1) SDS-PAGE, Lanes 1–2: strains B877 and
B876, respectively, at 120 min postinduction; Lane 3, phage SfV; and Lane 4: control strain B866 containing the pT7-5 vector only. (B2) Western immunoblot
of the SDS-PAGE in B1 using rabbit anti-SfV polyclonal antisera. Lanes 5–6: strains B877 and B876, respectively; Lane 7: phage SfV; Lane 8: B866.
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ORF4 protein showed a low level of homology to a second
domain defined by the HK97 capsid protease (6e-04, do-
main number PD035104). This family contains protease/
putative proteases from HK97, HK022, Mycobacterium tu-
berculosis Rv1, R. capsulatus RcM1, Brevibacterium
flavum bacteriophage BFK20, and a hypothetical protein in
the Caulobacter crescentus genome. The Prodom analysis
suggests that there may be two additional families of phage
capsid proteases, and the ORF4 protein appears to have
homology to both. Apart from C31 and A2, it is also
interesting to note that the ORF5 capsid protein homologs
do not necessarily coincide with the putative protease fam-
ilies (Figs. 2B and 2C). For example, although there are
ORF4 homologs in PV83 and HK97, the capsid proteins
of these phages are not similar to ORF5 (Fig. 2C). The MHP
protein of adh is somewhat similar to ORF5, and yet the
corresponding adh protease is a Clp protease that is not
similar to ORF4. Similar to the situation with adh, the
capsid of phage Sfi21 is relatively similar to ORF5 (20%
identity in 405 amino acid overlap), and yet the correspond-
ing Clp protease of Sfi21 is not similar to ORF4 (Desiere et
al., 1999). The capsid protein of P27 is similar to that of
SfV, and while the putative protease protein L39 of P27
shows no homology to ORF4, Recktenwald and Schmidt
(2002) reported that the L39 protein is similar to the capsid
protease of phage HK022 and HK97. Increased understand-
ing of the relationship between the protease and the target
site in the capsid will lend insight into this phenomenon.
Mosaicism of the structural region of SfV
The mosaicism of phage genomes has been previously
reported and has been the topic of several recent reviews
(Hendrix et al., 1999, 2000; Lawrence et al., 2002). The
region of the SfV genome encoding for the virion structural
and morphogenesis proteins is mosaic in nature, and the
corresponding proteins show homology to related proteins
of phage infecting diverse and unrelated bacteria (Table 1
and Fig. 2). Of particular interest, the proteins encoded by
orfs 1–5 are consistently homologous to similar proteins of
Siphoviridae phages of both gram-positive and gram-nega-
tive origin (Fig. 2C). In fact, the proteins encoded by this
region of the SfV genome are most consistently similar to
the same region in the Streptomyces C31 genome (Fig.
2C). Based on sequence analysis, phage C31 has been
shown to link the previously unrelated mycobacteriophages
Fig. 5. Alignment of the S. flexneri SfV ORF4 capsid protease with other phage proteases including the following: Lactobacillus casei A2 ORF209
(unpublished; GenBank AJ251790); Streptomyces phage C31 GP35 (Smith et al., 1999; GenBank AJ006589); Staphylococcus aureus prophage phiPV83
ORF41 (Kaneko et al., 1997; Zou et al., 2000; GenBank AB044554); S. aureus phage phi-PVL ORF5a (Kaneko et al., 1997; GenBank AB009866); SfV
ORF4; and Salmonella typhimurium LT2 (McClelland et al., 2001; GenBank AE008800). The conserved histidine and serine residues representing the
putative protease catalytic sites are underlined. The alignment was performed using the GCG Eclustalw program: “”, conserved amino acid; “”, similar
amino acid; and “–”, gap introduces to optimize alignment.
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and lambdoid phages (Hendrix et al., 1999; Smith et al.,
1999). The SfV proteins identified here also show homol-
ogy to mycobacteriophages, R. capsulatus, and H. influen-
zae, as noted for C31, as well as additional Siphoviridae
phages of gram-positive organisms (Table 1 and Fig. 2C,
data not shown).
While the DNA packaging and capsid morphogenesis
proteins are homologous to corresponding proteins of the
Siphoviridae phage family, the tail proteins of SfV are
similar to phage Mu, which belongs to the Myovı`rı`dae
morphology family. The placement of SfV in the Myoviri-
dae family was confirmed in this study using electron mi-
croscopy (Fig. 1). The tail proteins of SfV are also consis-
tently similar to those of P27, and the description of the
P27 morphology and sequence homology is consistent
with the Myoviridae family (Muniesa et al., 2000; Reckten-
wald and Schmidt, 2002), and yet the P27 terminase sub-
units and capsid protein are similar to those of SfV (Table
1 and Fig. 2B) and other Siphoviridae phages (Recktenwald
and Schmidt, 2002). Recently, Lawrence et al. (2002)
pointed out that the tail region of the SfV genome provides
a link between the Mu-like and lambda-like bacteriophages
and offers an example of genetic exchange of structural
genes between these two groups of phages. Linkages such
as the one established by SfV challenges the current taxo-
nomic system for bacteriophages, which is based solely on
tail morphology (Lawrence et al., 2002). As noted by Luc-
chini et al. (1999) and Hendrix et al. (1999), genomic
analyses such as those in this study may increase our un-
derstanding and expand the phylogentic relationships
among bacteriophages.
It should be noted that SfV is not the only phage to share
modules of different families (reviewed in Lawrence et al.,
2002). For example, the lysogeny module of the temperate
Siphoviridae phage family that infect low GC organisms
such as Streptococcus, Lactococcus, and Lactobacillus has
homology and is organised in a similar manner to the
lysogeny module of the P2-like genus of Myoviridae (Luc-
chini et al., 1999). Furthermore, S. typhimurium serotype
converting phage P22 is classified in the Podoviridae fam-
ily, but also exhibits a great deal of homology to lambda
with respect to genome organisation and homology (re-
viewed in Vander Byl and Kropsinski, 2000). There have
been no other reports that we know of, however, where the
head and tail modules from different phage families are
adjacent to one another, as illustrated by SfV and P27.
The molecular characterisation of the serotype-convert-
ing phages will lend insight into the understanding of the
role that these bacteriophage play in the survival of S.
flexneri in the environment and human host, as well as
provide insight into the evolution of these phages and their
host. The extensive sequence homology among SfV and E.
coli phages e14, Mu, and P27, as well as KpLE1 and Qin
(Allison et al., 2002), certainly provides support for both
recent and distant exchange of genetic material between E.
coli and Shigella.
Materials and methods
Bacteriophage, bacterial host strains, and plasmid vectors
Bacteriophage SfV was originally induced from the se-
rotype 5a S. flexneri strain EW595/52 (Huan et al., 1997b).
Bacteriophage stocks were propagated on SFL124 and pu-
rification of phage SfV and its genome were performed as
described for phage  (Sambrook et al., 1989). For electron
microscopy, phage preparations were negatively stained
with 2% phosphotungstic acid (pH 7.0) and electronmicro-
graphs were taken with a Hitachi H600 transmission elec-
tron microscope.
E. coli HMS262, containing the T7 RNA polymerase
gene under the control of the IPTG-inducible lacUV5 pro-
moter (Tabor and Richardson, 1985), was used as the clon-
ing host for the expression studies. E. coli cultures were
grown in Luria-Bertani broth (Sambrook et al., 1989) at
37°C and transformants were grown in LB media supple-
mented with 100 g/ml of ampicillin.
DNA cloning and PCR
The alkaline lysis miniprep procedure was performed
routinely in the extraction of plasmid DNA (Sambrook et
al., 1989). When necessary, the BRESAClean DNA Purifi-
cation Kit (Geneworks) was used to purify DNA from
agarose gels or enzyme reactions. Transformation of E. coli
was conducted using electrocompetent cells (Dower et al.,
1988). Restriction enzymes were used according to the
manufacturer’s instructions (MBI Fermentas and Amer-
sham Pharmacia).
To determine the function of orf4, the SfV genome was
used as template in a PCR reaction containing the following
primers: Proteastart 5-AAT GAATTC (EcoRI) ATCT-
GACGGGGCTTTTAC (nt 3452-3469)-3; Proteasemiddle
5-AATGAATTC (EcoRI) GCACGCTGAATCTCTCAG
(nt 3891–3908)-3; and Capsidend 5-AATGGATCC
(BamHI) GACTAATCA ACCACCAAC (nt 5507–5490)-3
(Life Technologies). The PCR conditions used were the
following: initial denaturation at 94°C for 5 min, followed
by 30 cycles of denaturation at 94°C for 30 s, primer
annealing at 48°C for 30 s, elongation at 72°C for 75 s, and
final extension step at 72°C for 7 min. The PCR products
were gel-purified using the Bresatec purification kit and
digested with EcoRI and BamHI. The PCR products were
then ligated into the EcoRI-BamHI sites of pT7-5 vector
(Tabor and Richardson, 1985), downstream of the T7 pro-
moter.
Protein sequencing
A 40–60 l aliquot of PEG purified phage stock was
denatured in SDS-PAGE loading buffer (Laemmli, 1970)
supplemented with 1 mM mercapthoethanol (Sigma Chem-
ical Co.) and run on a 12% 0.75-mm-thick polyacrylamide
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gel at 180 V. The gel was stained in Coomassie blue and
destained in boiling distilled water. Phage protein bands
were excised from the gel and blotted onto polyvinylidene
difluoride (PVDF) membrane for automated Edman degra-
dation sequencing at the John Curtin School of Medical
Research, The Australian National University.
Overexpression, SDS-PAGE, and Western Immunoblotting
Recombinant E. coli were grown to log phase and in-
duced with 0.4 mM IPTG, and samples taken at different
time points. At each time point, 1 ml of culture was washed,
resuspended in loading buffer, and boiled for 5 min. Sam-
ples were loaded onto 12% SDS-PAGE, run at constant
voltage (180 V), and blotted onto nitrocellulose membrane
following the manufacturer’s instructions (Bio-Rad). The
rabbit anti-SfV polyclonal sera was first adsorbed with ac-
etone powder prepared from SFL124, using the procedure
outlined by Sambrook et al. (1989), to remove anti-SFL 124
antibodies. The membrane was blocked, incubated with the
preadsorbed anti-SfV sera (primary antibody), washed, and
incubated with the secondary antibody, goal anti-rabbit IgG
conjugated with horseradish peroxidase (Sigma Immuno-
chemicals). Trisbuffered saline containing 0.1% Tween 20
and skim milk [5% (w/v) for blocking, and 1% (w/v) oth-
erwise] was used in the blotting procedure. The membrane
was developed using the BM chemiluminescence blotting
substrate-POD kit (Boehringer Mannheim).
Acknowledgments
The authors are grateful to Stanley Tabor and Charles
Richardson for the use of the pT7 overexpression system
and also to Lily Chen and Sally Stowe of the Electron
Microscopy Unit at the Australian National University, Re-
search School for Biological Science. This work was sup-
ported by the National Health and Medical Research Coun-
cil of Australia.
References
Ackermann, H.W., 1998. Tailed bacteriophages: the order caudovirales.
Adv. Virus Res. 51, 135–201.
Adams, M.M., Allison, G.E., Verma, N.K., 2001. Type IV O antigen
modification genes in the genome of Shigella flexneri NCTC 8296.
Microbiology 147, 851–860.
Adhikari, P., Allison, G., Whittle, B., Verma, N.K., 1999. Serotype 1a
O-antigen modification: molecular characterization of the genes in-
volved and their novel organization in the Shigella flexneri chromo-
some. J. Bacteriol. 181, 4711–4718.
Allison, G.E., Angeles, D., Tran-Dinh, N., Verma, N.K., 2002. Complete
genomic sequence of SfV, a serotype-converting temperate bacterio-
phage of Shigella flexneri. J. Bacteriol. 184, 1974–1987.
Allison, G.E., Verma, N.K., 2000. Serotype-converting bacteriophages and
O-antigen modification in Shigella flexneri. Trends Microbiol. 8, 17–
23.
Altermann, E., Klein, J.R., Henrich, B., 1999. Primary structure and fea-
tures of the genome of the Lactobacillus gasseri temperate bacterio-
phage (phi)adh. Gene 236, 333–346.
Black, L.W., 1995. DNA packaging and cutting by phage terminases:
control in phage T4 by a synaptic mechanism. Bioessays 17, 1025–
1030.
Blattner, F.R., Plunkett III, G., Bloch, C.A., Perna, N.T., Burland, V.,
Riley, M., Collado-Vides, J., Glasner, J.D., Rode, C.K., Mayhew, G.F.,
Gregor, J., Davis, N.W., Kirkpatrick, H.A., Goeden, M.A., Rose, D.J.,
Mau, B., Shao, Y., 1997. The complete genome sequence of Esche-
richia coli K-12. Science 277, 1453–1474.
Bradley, D.E., 1967. Ultrastructure of bacteriophages and bacteriocins.
Bacteriol. Rev. 31, 230–314.
Clark, C.A., Beltrame, J., Manning, P.A., 1991. The oac gene encoding a
lipopolysaccharide O-antigen acetylase maps adjacent to the integrase-
encoding gene on the genome of Shigella flexneri bacteriophage Sf6.
Gene 107, 43–52.
Conway, J.F., Duda, R.L., Cheng, N., Hendrix, R.W., Steven, A.C., 1995.
Proteolytic and conformational control of virus capsid maturation: the
bacteriophage HK97 system. J. Mol. Biol. 253, 86–99.
Desiere, F., Lucchini, S., Brussow, H., 1999. Comparative sequence anal-
ysis of the DNA packaging, head, and tail morphogenesis modules in
the temperate cos-site Streptococcus thermophilus bacteriophage
SfI21. Virology 260, 244–253.
Dower, W.J., Miller, J.F., Ragsdale, C.W., 1988. High efficiency transfor-
mation of E. coli by high voltage electroporation. Nucleic Acids Res.
16, 6127–6145.
Dube, P., Tavares, P., Lurz, R., van Heel, M., 1993. The portal protein of
bacteriophage SPP1: a DNA pump with 13-fold symmetry. EMBO J.
12, 1303–1309.
Duda, R.L., 1998. Protein chainmail: catenated protein in viral capsids.
Cell 94, 55–60.
Duda, R.L., Hempel, J., Michel, H., Shabanowitz, J., Hunt, D., Hendrix,
R.W., 1995a. Structural transitions during bacteriophage HK97 head
assembly. J. Mol. Biol. 247, 618–635.
Duda, R.L., Martincic, K., Xie, Z., Hendrix, R.W., 1995b. Bacteriophage
HK97 head assembly. FEMS Microbiol. Rev. 17, 41–46.
Duda, R.L., Martincic, K., Hendrix, R.W., 1995c. Genetic basis of bacte-
riophage HK97 prohead assembly. J. Mol. Biol. 247, 636–647.
Eppler, K., Wyckoff, E., Goates, J., Parr, R., Casjens, S., 1991. Nucleotide
sequence of the bacteriophage P22 genes required for DNA packaging.
Virology 183, 519–538.
Fujisawa, H., Hearing, P., 1994. Structure, function and specificity of the
DNA packaging signals in double stranded DNA viruses. Sem. Virol.
5, 5–13.
Gilakjan, Z.A., Kropinski, A.M., 1999. Cloning and analysis of the capsid
morphogenesis genes of Pseudomonas aeruginosa bacteriophage D3:
another example of protein chain mail? J. Bacteriol. 181, 7221–7227.
Grimaud, R., 1996. Bacteriophage Mu head assembly. Virology 217,
200–210.
Guan, G., Bastin, D.A., Verma, N.K., 1999. Functional analysis of the O
antigen glucosylation gene cluster of Shigella flexneri bacteriophage
SfX. Microbiology 145, 1263–1273.
Hatfull, G.F., Sarkis, G.J., 1993. DNA sequence, structure and gene ex-
pression of mycobacteriophage L5: a phage system for mycobacterial
genetics. Mol. Microbiol. 7, 395–405.
Hayashi, T., Makino, K., Ohnishi, M., Kurokawa, K., Ishii, K., Yokoyama,
K., Han, C.-G., Ohtsubo, E., Nakayama, K., et al., 2001. Complete
genome sequence of enterohemorrhagic Escherichia coli 0157: H7 and
genomic comparison with a laboratory strain K-12. DNA Res. 8,
11–22.
Hendrix, R.W., Duda, R.L., 1998. Bacteriophage Hk97 head assembly: a
protein ballet. Adv. Virus Res. 50, 235–288.
Hendrix, R.W., Lawrence, J.G., Hatfull, G.F., Casjens, S., 2000. The
origins and ongoing evolution of viruses. Trends Microbiol. 8, 504–
508.
126 G.E. Allison et al. / Virology 308 (2003) 114–127
Hendrix, R.W., Smith, M.C.M., Burns, R.N., Ford, M.E., Hatfull, G.F.,
1999. Evolutionary relationships among diverse bacteriophages and
prophages: all the world’s a phage. Proc. Natl. Acad. Sci. USA 96,
2192–2197.
Howe, M.M., 1987. Late genes, particle morphogenesis, and DNA pack-
aging, in: Symonds, N., Toussaint, A., van de Putte, P., Howe, M.M.
(Eds.), Phage Mu, Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY, pp. 103–157.
Huan, P.T., Bastin, D.A., Whittle, B.L., Lindberg, A.A., Verma, N.K.,
1997a. Molecular characterization of the genes involved in O-antigen
modification, attachment, integration and excision in Shigella flexneri
bacteriophage SfV. Gene 195, 217–227.
Huan, P.T., Whittle, B.L., Bastin, D.A., Lindberg, A.A., Verma, N.K.,
1997b. Shigella flexneri type-specific antigen V: cloning, sequencing
and characterization of the glucosyl transferase gene of temperate
bacteriophage SfV. Gene 195, 207–216.
Juhala, R.J., Ford, M.E., Duda, R.L., Youlton, A., Hatfull, G.F., Hendrix,
R.W., 2000. Genomic sequences of bacteriophages HK97 and HK022:
pervasive genetic mosaicism in the lambdoid bacteriophages. J. Mol.
Biol. 299, 27–51.
Kaneko, J., Kimura, T., Kawakami, Y., Tomita, T., Kamio, Y., 1997.
Panton-valentine leukocidin genes in a phage-like particle isolated
from mitomycin C-treated Staphylococcus aureus V8 (ATCC 49775).
Biosci. Biotechnol. Biochem. 61, 1960–1962.
Kaneko, J., Kimura, T., Narita, S., Tomita, T., Kamio, Y., 1998. Complete
nucleotide sequence and molecular characterization of the temperate
staphylococcal bacteriophage phiPVL carrying Panton-Valentine leu-
kocidin genes. Gene 215, 57–67.
Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227, 680–685.
Lawrence, J.G., Hatfull, G.F., Hendrix, R.W., 2002. The imbriglios of viral
taxonomy: genetic exchange and the failings of phenetic approaches. J.
Bacteriol. 184, 4891–4905.
Lucchini, S., Desiere, F., Brussow, H., 1999. Similarly organized lysogeny
modules in temperate Siphoviridae from low GC content gram-positive
bacteria. Virology 263, 427–435.
Martin, A.C., Lopez, R., Garcia, P., 1998. Pneumococcal bacteriophage
Cp-1 encodes its own protease essential for phage maturation. J. Virol.
72, 3491–3494.
Mavris, M., Manning, P.A., Morona, R., 1997. Mechanism of bacterio-
phage SfII-mediated serotype conversion in Shigella flexneri. Mol.
Microbiol. 26, 939–950.
McClelland, M., Sanderson, K.E., Spieth, J., Clifton, S.W., Latreille, P.,
Courtney, L., Porwollik, S., Ali, J., Dante, M., Du, F., Hou, S., Layman,
D., Leonard, S., Nguyen, C., Scott, K., Holmes, A., Grewal, N., Mul-
vaney, E., Ryan, E., Sun, H., Florea, L., Miller, W., Stoneking, T.,
Nhan, M., Waterston, R., Wilson, R.K., 2001. Complete genome se-
quence of Salmonella enterica serovar Typhimurium LT2. Nature 413,
852–856.
Morgan, G.J., Hatfull, G.F., Casjens, S., Hendrix, R.W., 2002. Bacterio-
phage Mu genome sequence: analysis and comparison with Mu-like
prophages in Haemophilus, Neisseria and Deinococcus. J. Mol. Biol.
317, 337–359.
Muniesa, M., Recktenwald, J., Bielaszewska, M., Karch, H., Schmidt, H.,
2000. Characterization of a shiga toxin 2e-converting bacteriophage
from Escherichia coli strain of human origin. Infect. Immunol. 68,
4850–4855.
Petrovskaya, V.G., Licheva, T.A., 1982. A provisional chromosome map
of Shigella and the regions related to pathogenicity. Acta Microbiol.
Acad. Sci. Hung. 29, 41–53.
Recktenwald, J., Schmidt, H., 2002. The nucleotide sequence of Shiga
toxin (Stx) 2e-encoding phage phiP27 is not related to other Stx phage
genomes, but the modular genetic structure is conserved. Infect. Im-
munol. 70, 1896–1908.
Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY.
Simmons, D.A., Romanowska, E., 1987. Structure and biology of Shigella
flexneri O antigens. J. Med. Microbiol. 23, 289–302.
Smith, M.C., Burns, R.N., Wilson, S.E., Gregory, M.A., 1999. The com-
plete genome sequence of the Streptomyces temperate phage straight
phiC31: evolutionary relationships to other viruses. Nucleic Acids Res.
27, 2145–2155.
Tabor, S., Richardson, C.C., 1985. A bacteriophage T7 RNA polymerase/
promoter system for controlled exclusive expression of specific genes.
Proc. Natl. Acad. Sci. USA 82, 1074–1078.
Valpuesta, J.M., Carrascosa, J.L., 1994. Structure of viral connectors and
their function in bacteriophage assembly and DNA packaging. Q. Rev.
Biophys. 27, 107–155.
Vander Byl, C., Kropsinski, A.M., 2000. Sequence of the genome of
Salmonella bacteriophage P22. J. Bacteriol. 182, 6472–6481.
Verma, N.K., Brandt, J.M., Verma, D.J., Lindberg, A.A., 1991. Molecular
characterization of the O-acetyl transferase gene of converting bacte-
riophage SF6 that adds group antigen 6 to Shigella flexneri. Mol.
Microbiol. 5, 71–75.
Verma, N.K., Verma, D.J., Huan, P.T., Lindberg, A.A., 1993. Cloning and
sequencing of the glucosyl transferase-encoding gene from converting
bacteriophage X (SFX) of Shigella flexneri. Gene 129, 99–101.
Zou, D., Kaneko, J., Narita, S., Kamio, Y., 2000. Prophage, phiPV83-pro,
carrying panton-valentine leukocidin genes, on the Staphylococcus
aureus P83 chromosome: comparative analysis of the genome struc-
tures of phiPV83-pro, phiPVL, phi11, and other phages. Biosci. Bio-
technol. Biochem. 64, 2631–2643.
127G.E. Allison et al. / Virology 308 (2003) 114–127
